Abstract In this paper, gold nanorods' (GNRs) interaction with different proteins (i.e. carbonic anhydrase, lysozyme, ovalbumin and bovine serum albumin (BSA)) at physiological pH is investigated using localized surface plasmon resonance (LSPR) spectroscopy. We observe that the incubation of these proteins at different concentrations with cetyltrimethylammonium bromide-
Introduction
During the last decades when nanosciences have made their revolution, gold nanoparticles (GNPs) have attracted particular interests for many reasons. Among them, two have drawn our attention in the present study. First, their genuine optical properties make them of prime choice for many applications especially in medicine and biology [1, 2] . Second, they are highly stable in many liquid or gaseous environments, which makes them very versatile. GNPs provide high contrast in cellular and tissue imaging using confocal reflectance microscopy [3] or dark-field imaging [4] . They have been used in photothermal therapy of cancer [5] . Their optical relevance is mainly due to the localized surface plasmon resonance (LSPR) emerging in the visible spectral range for GNPs with size between~2 to~200 nm. Moreover, LSPR can be finely tuned by changing the GNPs size, environment or shape. The literature is rich in articles describing protocols to synthesize a wide range of GNPs of different shapes and geometries such as spherical particles, nanorods, nanoshells, nanostars and nanocages [6, 7] . Interestingly, a non-spherical nanoparticle will present several resonance characteristics of its shape [8, 9] . Gold nanorods (GNRs) are in this aspect, highly studied because their LSPR can be tuned on a wider wavelength scale. The aspect ratio of GNRs is also easily deduced from their absorption spectra. The LSPR sensitivity to the nanoparticle close environment makes GNPs good candidates for sensor use.
GNRs are more and more often used in biology and for biomedical applications. Reports are found on their use in biosensing, bio-imaging, photothermal therapy or even in theranostic [10] [11] [12] [13] . The common point of all these works is the necessity to attach the appropriate biomolecules to the GNRs, in order for it to accomplish the task it was designed for. For this, several routs can be considered, namely ligand exchange, electrostatic interaction, biofunctional linkage and surface coating. All these techniques are described in detail in [14, 15] . Giving the increasing interest of scientist from all disciplines for working with these tremendous nanostructures in a bio-environment, it is of crucial importance to understand how they directly interact with biomolecules.
In the present study, cetyltrimethylammonium bromide (CTAB)-capped GNRs were synthesized using the seedmediated growth method in order to study their direct interaction with four different proteins (i.e. carbonic anhydrase, lysozyme, ovalbumin and bovine serum albumin (BSA)). GNRs represent a unique class of metallic nanostructures with two well-defined LSPR bands in the visible/near infrared spectral range corresponding to electronic oscillations along the short and long axis of nanorods. In a previous work [16] , we already showed that the position of these two LSPR bands is not dependent on the molecular weight of the proteins interacting with the GNRs surface. In this context, we are interested in investigating the interaction of the above mentioned proteins at physiological pH with GNRs as function of their concentrations using LSPR spectroscopy. 
Experimental

Synthesis of GNRs
GNRs were synthesized utilizing the seed-mediated growth method described in details in [16] . The UV-visible spectra of each set of GNRs are presented on Fig. 1 . The shift of the spectra is explained by the fact that the three solutions contain GNRs with different aspect ratios.
Preparation of proteins/GNRs conjugates All protein solutions were prepared in distilled water at pH=7±0.5. Six concentrations of protein solutions were prepared (100 pM, 1 nM, 10 nM, 100 nM, 1 μM, 10 μM and 100 μM) except for BSA for which just 1 nM, 100 nM and 10 μM solutions were prepared. Then, 250 μl of pure GNR solutions were mixed with 400 μl of the protein solution at different concentration values. The samples were incubated at room temperature for 20 min before the measurement.
Instrumentation
The interaction between CTAB-capped GNRs and the different proteins was characterized by extinction spectroscopy. Spectra were recorded using a Kontron Uvikon 941 spectrophotometer in the range of 400 to 800 nm with 1 nm step and 1 nm resolution. The extinction spectra were fitted using the "multipeak fit" tool on Origin® with a Lorentzian type. The GNRs morphology was analysed with conventional transmission electron microscopy (TEM) using a JEOL 100 U type TEM microscope operated at 100 kV accelerating voltage. The ζ potential of the colloidal solutions was measured using a particle analyser (Nano ZS90 Zetasizer, Malvern Instruments) equipped with a He-Ne laser (633 nm, 5 mW) and a measurement angle of 90°. Each sample was measured three times, and the mean value was reported. The solvent molecular surface area (MSA) of the proteins was estimated using a solvent probe of 1.4 Å; numerical results were obtained using GetArea [17] and graphically confirmed using Jmol (http://jmol.sourceforge.net). Figure 1 illustrates the normalized extinction spectra of the assynthesized GNRs. The spectral position of transversal LSPR band and the longitudinal LSPR bands at 639, 662 and 686 nm correspond to GNRs with aspect ratios of 2.1 (average length/width, 46/22), 2.52 (average length/width, 43/17 nm) and 2.8 (average length/width, 42/15 nm), respectively, as given by TEM images (see inset in Fig. 1 ). In the following, data will be presented showing the interaction of proteins with one set of the GNR. All the experiences were repeated at least once with another set of GNR, and the results were reproducible. Herein, we will mainly focus on the study of the longitudinal LSPR (i.e. width and position) to explain the mechanism of GNRs/proteins interaction. Figure 2 presents the modifications of the longitudinal LSPR peak of GNRs in the presence of different concentrations of proteins. Upon incubation of GNRs with carbonic anhydrase (Fig. 2a) and lysozyme (Fig. 2b) protein solutions, the positions of the longitudinal LSPR peaks vary as function of protein concentration. Moreover, we observe that the width of the bands is constant, indicating a good dispersion of the nanoparticles in the solution. On the opposite, dramatic changes of the longitudinal LSPR bands were observed after incubation of the colloidal solution with ovalbumin ( Fig. 2c) and BSA (Fig. 2d) solutions. In the case of ovalbumin (Fig. 2c) , the protein seems to interact with GNRs' surface in the same manner as carbonic anhydrase or lysozyme except at 100 nM and 1 μM. At these concentrations, the intensity of plasmonic band suddenly decreases together with its broadening, clearly suggesting the aggregation of nanoparticles. Similarly, this phenomenon was also induced by BSA protein at the concentrations of 1 and 100 nM (Fig. 2d) . Taking into account that the spectral position of the LSPR band is strongly dependent on the dielectric function of GNRs' local environment, the modification of its position together with its broadening indicate the extent of individual or aggregated nanoparticles in colloidal solution.
Results
In order to study these spectral modifications, we have fitted the longitudinal LSP band with Lorentzian curves. As it reveals on Fig. 2c, d , the widest LSP were fitted with two Lorentzian when only one was needed for the unaltered LSP. The experimental recorded curve reflects a composite plasmonic resonances of (1) GNRs interacting with the protein as mentioned above (individual mode) and (2) proteininduced aggregation of GNRs (aggregation mode).
To understand the mechanism underlying these two modes, Fig. 3 was plotted. For this, the shift between the highest LSPR (aggregation mode if it exists, otherwise the normal mode) and the pure GNRs is measured and then plotted. Giving the resolution of the spectrometer, there is no observable shift for carbonic anhydrase. On the opposite, the GNRs' individual mode in presence of lysozyme and ovalbumin proteins, respectively, displays a red shift for a high enough concentration (~10 nM), indicating an increase of the dielectric constant of the GNRs surrounding medium. In other words, a material with higher dielectric constant than CTAB has replaced or at least attached to the surfactant molecules. Obviously, this material can only be the proteins.
The extent of this red shift varies in a specific way. It is constant or slightly decreases as the protein concentrations increase until it reaches a minimum value at 10 nM for lysozyme and 1 nM for ovalbumin. For higher concentration, the extent of the shift increases again. We believe that this behaviour highlights some aspect of the GNRs/protein interactions as it is discussed in the next section.
Discussion
We explain the behaviour of the proteins toward GNRs by exploiting the available data on their electric charges and structures. The electric charge of the proteins at the working pH was obtained from their isoelectric point (Table 1 ). The electrostatic interaction between proteins and GNRs was studied, taking into account that the GNRs are capped with CTAB, which makes them positively charged (the ζ potential was measured to be +20 mV).
The structure of the proteins was gathered from the RCSB Protein Data Bank © . The structure of the proteins studied here was obtained from X-ray crystallographic data [18] [19] [20] [21] . The cysteine (Cys) residue is the centre of our interest since it is the only amino acid which owns a thiol group. In chemistry, thiols are compounds which are very famous to demonstrate strong affinity to gold. In the presence of thiols, strong sulphur-gold bonds are formed, which are renowned to be strong covalent bonds. Previous studies [22, 23] on GNPs/protein interactions have shown that the binding of protein to a very small GNP depends firstly on the existence of a Cys inside the protein and secondly, on the accessibility of the thiol group of the Cys residue. Herein, the sulphur accessibility is estimated via the notion of MSA [24] . This is defined as the contact surface area of a solvent probe sphere that rolls along the surface of the protein. Using the software GetArea, we have calculated for each Cys residue, its MSA and the surface energy of the corresponding sulphur. The idea here is to measure the availability of the sulphur to bind to the GNRs. The same approach was followed using Jmol. Figure 4 shows the MSA (red dots) for a 1.4-Å sphere rolled on the protein surface.
In particular, carbonic anhydrase has only one Cys residue which is located inside its volume, making the sulphur nonaccessible for binding with GNRs. Thus, the only existing interaction between carbonic anhydrase and GNRs is through electrostatic forces. As the carbonic anhydrase is negatively charged at the working pH of 7, it can only bind to positively charged structures, here, the CTAB-capped GNRs. We suppose that carbonic anhydrase can only weakly adsorb on the CTAB double layer and not on the GNRs' surface. This explains that no shift is observed for carbonic anhydrase on Especially, it is known that the CTAB double layer is sparse at the GNRs extremities.
As mentioned above, in the case of lysozyme and ovalbumin, the behaviour of individual mode is quite different. For both proteins, a red shift is observed for all the concentrations. If the proteins were just electrostatically adsorbed to the CTAB double layer, we would observe no shift just as for carbonic anhydrase. Thus, we can conclude that lysozyme and ovalbumin replace CTAB. We also observe for both proteins that the red shift extent first decreases until a specific concentration before it increases again. The CTAB bilayer surrounding the GNRs is most probably in competition with the protein. As shown in Table 2 and Fig. 4 , lysozyme and ovalbumin have one accessible thiol. It is known that the functionalization of CTAB-capped GNR with thiolated molecules is trivially made by the sulphur-gold interaction that overcomes the weak binding of CTAB to gold [14] . The consequence of the addition of lysozyme (respectively ovalbumin) is the binding of the protein to gold GNR and the removal of CTAB. We observe here that a minimum value of the concentration has to be reached before proteins replace most of the CTAB (when the red shift extent increases).
If the first part of the LSPR, shift is similar for lysozyme and ovalbumin; the latter shows two main specificities. First of all, in the case of ovalbumin, the lowest red shift of the LSPR band occurs for a lower concentration than for lysozyme. Contrary to lysozyme, ovalbumin is negatively charged in the experimental conditions (see Table 1 ). As the GNRs are strongly positively charged, the electrostatic attraction forces are added to the thiol attraction. The result is an easier attachment of the proteins to the GNRs.
The second point to rise is the aggregation taking place at 100 nM and 1 μM (Fig. 3b) . Once again, we explain this behaviour by the surface charge of ovalbumin. Electrostatic attraction forces act on several GNRs at the same time allowing the formation of aggregates. This is why the ovalbumin/GNRs ratio has to be very well controlled to avoid charge neutralization and hence aggregation. Many studies have already shown that a stabilized attachment of proteins to GNPs thanks to electrostatic interaction required an optimization of both the pH and the concentration of the solutions [14, 25, 26] . The case of BSA has in common with ovalbumin that it is negatively charge at pH 7 and thus is electrostatically attracted to the CTAB-capped GNRs. Nevertheless, BSA has also the characteristic of containing quite a lot of Cys residues (see Table 2 ). Among them, only five are solvent accessible, and among these five, two sulphur have enough surface energy to bind to gold surface. Not only BSA has twice more accessible sulphur than lysozyme or ovalbumin but these two sulphurs (in Cys 200 and Cys 559) are located on opposite sides of the protein (Fig. 4d) . This way, one BSA can bind to two different GNRs. This is how very strong aggregates are formed.
The longitudinal LSPR is becoming closer to the same band of pure GNRs as the BSA concentration increases. The origin of this can be the fact that a strong excess of BSA in the presence of CTAB is known to form aggregates of proteins [27] . The concentration of BSA actually interacting with GNRs is thus much lower than the nominal concentration. Instead of increasing, the number of BSA interacting with the GNRs is decreasing, explaining the reduction of the longitudinal LSPR shift.
Conclusion
In this article, we have investigated the interaction of GNRs with carbonic anhydrase, lysozyme, ovalbumin, and BSA regarding the proteins concentration using LSPR spectroscopy. In a previous study [16] , we have already demonstrated that the longitudinal LSPR shift is the most significant for the understanding of GNRs/protein interaction. In the same reference, we established the fact that the molecular weight of the proteins is not a relevant parameter to characterize this interaction. In the present letter, we have considered the protein concentration, isoelectric point and the MSA to explain the experimental results. The conclusion is that the number of accessible sulphurs is of crucial importance to explain the shape of the longitudinal LSPR shift evolution with the concentration. If there are too many, like in the case of BSA, strong aggregates are formed. If there is only one, the evolution of the longitudinal LSPR with the concentration presents two parts: the first one decreases and the second one increases. Then, the isoelectric point gives insight of the electric charge of the protein and explains some of the GNRs/proteins aggregation cases. Carbonic anhydrase which has no accessible sulphur and is negatively charged barely binds to GNRs. In comparison, ovalbumin has one accessible sulphur and is negatively charged; it binds to GNRs and in some conditions can even form electrostatic aggregates.
Liu et al. [28] conducted a similar study in 2012 using dynamic light scattering (DLS) instead of extinction spectroscopy. They come to the same conclusion as us, concerning the interaction between GNRs and BSA or human serum albumin, and they show that immunoglobulin (IgG and IgA) follow the same behaviour as ovalbumin. However, they fail to explain the difference of behaviour between these proteins. When looking at the available sulphur in IgG or IgA (Table 2 ) [29] , we found that the three of them are in the same location (bottom of Fab and top of Fc). Steric interaction most probably cancels the duplicity of thiols, so they behave as there was only one accessible sulphur. This is in complete agreement with the explanation developed in our study.
